. The Cu grids, stored in a dry, clean, and airtight 133 container, were then analyzed by transmission electron microscopy (TEM) and atomic force 134 microscopy (AFM). 135
Meteorological data including the relative humidity (RH), temperature, wind speed, and wind 136 direction were measured and recorded every 5 min by an automated weather meter (Kestrel 5500, 137 6 2.2 PM 2.5 , OC, EC, and water-soluble ion analyses 139
The quartz filters were weighed on a high-precision digital balance (Sartorius ME 5-F, 140 reading precision of 0.001 mg) before and after sampling. The PM 2.5 mass concentrations were 141 calculated according to the sampling duration, sampling flow rate, and weight difference of the 142 quartz filters before and after sampling. 143
A rectangle of 1 × 1.5 cm 2 was removed from each quartz filter and placed in a quartz spoon. 144
After the OC/EC analyzer (Sunset Lab) was preheated and calibrated, the spoon was placed into 145 the quartz furnace for analysis. The mass concentrations of OC and EC were then calculated. 146
Organic matter (OM) concentrations were obtained via multiplying OC concentrations by a factor 147 of 1.4, which was reported by Guinot et al. (2007) . 148
A quarter of each quartz filter was cut and placed into a clean plastic tube, and 10 ml of 149 deionized water was added. After a 20 min ultrasonic bath, the solution was injected into a clean 150 small plastic bottle via a 1 ml needle tube. To ensure the accuracy of the analytical results, this 151 pretreatment had to be conducted twice for each quarter of every quartz filter. After calibration 152 with standard solutions, the sample solutions were injected into the ion chromatography system 153 (Dionex ICs-90) via a 1 ml syringe one after another for the determination of five cations (Na + 
TEM analysis 156
The Cu grids were fixed on a sample rod that was inserted into the vacuum chamber of the 157 TEM system (JEOL JEM-2100), which was combined with energy-dispersive X-ray spectrometry 158 (EDS). A total of 1489 particles were analyzed by TEM/EDS at 200 kV. The morphology and 159 mixing state of the aerosol particles were determined by TEM. EDS can detect elements with 160 atomic weights corresponding to C and above. Cu was not quantified because the Cu grids would 161 have led to interferences. The equivalent circle diameters (ECDs) of the particles were measured 162 using iTEM software. To reduce the damage to particles under the electron beam, the EDS 163 collection duration was limited to within 15 s (Li et al., 2011). Particles in 3-5 grids of each 164 sample were analyzed to ensure their universality and representativeness. 165
AFM analysis 166
As an analytical instrument for studying the surface structure of solid materials, AFM 167 via a probe that taps the particles. The force between the probe and sample, the scanning rate, and 169 the scanning range were 1-1.5 nN, 0.5-0.8 Hz, and 10 µm, respectively, with a resolution of 512 170 pixels per length. The bearing areas (A) and bearing volumes (V) of the particles were directly 171 obtained from the Nanoscope Analysis software. Their ECDs and equivalent volume diameters 172 (EVDs) were calculated according to the following formulas (Chi et al., 2015) : 173
where π is 3.14. 174
The regressions of the ECDs versus the EVDs (ECD vs EVD) were obtained and are shown 175 in Figure S2 . The EVDs of all the analyzed particles could be calculated using the equations. 176 (Figure 2 ). The haze episode ended on 5 February due to a 182 strong west wind ( Figure S3 ). During 28-31 January and 5-7 February, most of the hourly PM 2.5 183 mass concentrations were lower than 75 µg/m 3 and the visibility was higher than or close to 10 km, 184 although PM 2.5 in a few hours around 7:00-9:00 and 16:00-18:00 had peaks higher than 75 µg/m 3 , 185 based on the Ministry of Environmental Protection of China. Moreover, the CMA had no any 186 report about occurrence of the regional haze during 28-31 January and 5-7 February in Northeast 187
China. In this study, they were designated non-haze days. The variations in temperature and RH 188
showed an opposite trend every day during the sampling period ( Figures S3b-c) . The temperature 189 generally increased, with the average value ranging from -17.7 to 5.1 °C ( Figure S3b ), and the RH 190 increased from 51% during the day to 74% at night during the haze period ( Figure S3c 
Classification and mixing state of individual particles 214
Based on the elemental composition and morphology of individual particles, we classified 215 four major aerosol components: organics, soot, S-rich, and fly ash/metal (Figures 3a-f) . 216
Organic particles, as the most common particle in the samples, were stable under the strong 217 electron beam of TEM and were composed of C, O, and Si, as well as minor amounts of N, S, and 218
Cl (Figures 3a-c Figures 4a-f) . 227
Soot particles present a chain-like morphology consisting of an aggregate of carbonaceous 228 spheres with diameters from 10 to 150 nm (Figures 3d and 4d) . Soot particles were internally 229 mixed with the organic particles and mainly contained C and minor amounts of O (Figure 3d) . 230
The S-rich particles were sensitive to the strong electron beam and were mainly composed of 231 S, O, and N, as well as minor amounts of K and Na in this study ( In this study, based on the mixing state of the above aerosol components within the individual 240 particles, we further classified the particles into five major types: organic-rich (Figures 3a-c) , 241 organic-S (Figures 4a-c) , organic-soot (Figure 4d ), S-fly ash (Figure 4e) , and S-metal (Figure 4f) . 242
Relative abundance of individual particles 243
Among all the analyzed aerosol particles, TEM observations clearly showed that more than 244 80% of individual particles contained POAs such as dome-like organic, irregular organic, and 245 spherical organic particles (indicated by the red frame in Figure 5 ). On the non-haze days, the 246 relative abundance of organic-rich particles (37%) was nearly same as that of organic-S particles 247 (39%) but higher than that of organic-soot particles (22%) (Figure 5 ). S-fly ash and S-metal 248 particles both occupied only 1% of all the analyzed particles on the non-haze days ( Figure 5 ). On 249 the haze days, the relative abundance of organic-S, S-fly ash, and S-metal particles increased in 250 the samples. Figure 5 shows that the maximum proportions of organic-S, S-fly ash, and S-metal 251 particles were 66%, 8%, and 4% on 3 February, respectively. 252 Figure 6 shows the size distributions of individual particles on the non-haze and haze days. 254
Size distribution of individual particles 253
On the non-haze days, the size distribution of individual particles shows a peak at 249 nm (Figure  255 6); on the haze days, the peak is at 386 nm (Figure 6 ). This difference can be attributed to the 256 formation of S-rich particles and SOAs on preexisting particles during the haze period which can 257 increase the particle size (see section 4.2). Notably, the slope of ECD vs EVD on the haze days 258 (0.3798) is much lower than that on the non-haze days (0.6238) (Figure S2 excluded Cl − was from sea salts based on TEM observations. TEM/EDS showed that Cl was 285 detected in the POAs (Figure 3c) , which is consistent with the chemical composition of spherical 286 organics emitted by coal burning (Li et al., 2012) . We did observe high levels of POAs (i.e., 287 dome-like organic, irregular organic, and spherical organic particles) from the direct emissions of 288 coal burning in residential stoves ( Figure S5 ). Therefore, we can infer that most of the organic 289 particles were likely related to coal burning emission, although we could not exclude a certain 290 contribution from the emissions of biomass burning ( Figure S7 ). Moreover, under the stable 291 synoptic conditions (e.g., wind speed lower than 1.3 m/s) ( Figure S3 ), regional transports of air 292 pollutants played a minor role. After sunrise during the daytime, vertical transports of air 293 pollutants possibly occupied a certain proportion in the regional contribution of fine particles. We 294 noticed that consistent and strong household heating via coal combustion is necessary in Northeast 295
China due to the rather low temperatures that can reach ~-20 °C in winter. Some small boilers 296 were used in the urban areas of Jilin, although ~40% of the population were living in the rural 297 outskirts and were using residential stoves for household heating and cooking, based on the 298 demographics of Northeast China (Jilin, Liaoning, and Heilongjiang Provinces) listed in the 299 statistical yearbooks of 2015. In this study, we concluded that these organic particles were mainly 300 related to coal-burning residential stoves in the rural outskirts and small boilers in the urban areas. 301
Formation mechanisms of the regional haze 302
The mass concentrations of OM and secondary inorganic ions (NH 4 + , SO 4 2− , and NO 3 − ) in 303 PM 2.5 significantly increased from the non-haze days to the haze days (Figure 2 Northeast China, which is consistent with the TEM observations indicating that abundant SOAs 314 and POAs occurred together on the haze days compared with lesser amounts on the non-haze days 315 (Figures 8a-b) . 316
During the early stage of the haze episode (1-2 February (moderate haze in this study)), the 317 PM 2.5 level increased, OC/EC consistently increased from 4.08 to 6.01, SO 4 2− /EC remained stable 318 at 1.92, and NO 3 − /EC decreased from 3.99 to 2.64 compared to the non-haze days during 28-31 319 January (Figures 2 and 7a-b) . Moreover, the increasing trends of PM 2.5 /EC and OC/EC were 320 similar during the moderate haze days (Figure 7b ). These results are consistent with the TEM 321 observations, which showed that high levels of POAs were dominant in the samples during the 322 moderate haze days ( Figure 5 ). In addition, the lower temperatures and higher RH during the haze 323 period likely drove substantial amounts of semi-volatile organic compounds from coal burning to 324 the particulate phase (i.e., SOAs) (Lim and Turpin, 2002). Therefore, the increase in the mixture 325 of POAs and SOAs promoted the moderate haze formation during 1-2 February. 326
During the severe haze period (3-4 February), the SOR, RH, and PM 2.5 concentrations all 327 increased compared to those on the moderate haze days (Figures 2, S3c, and S8 ). In addition, the 328 AFM image illustrates that the haze particles were wet aerosols in the ambient air ( Figure S2b) . 329 TEM observations demonstrated that the hygroscopic SOAs on particle surfaces could provide an 330 aqueous media that can promote the conversion of SO 2 to sulfates through heterogeneous 331 reactions during severe haze periods (Wang et al., 2016) . This phenomenon has widely occurred in 332 humid air during severe haze formation in the NCP (Cheng et al., 2016) . Our results show that 333 SO 4 2− /EC, NO 3 − /EC, OC/EC, and PM 2.5 /EC increased during the severe haze period (Figures 7a-b) . 334
Compared to the moderate haze days, PM 2.5 /EC increased 64% during the severe haze period, 335 which is significantly higher than the increase in OC/EC of 18% (Figure 7b) . As a result, the 336 considerable formation of sulfates, nitrates, and SOAs and the accumulation of POAs together 337 promoted the evolution of moderate haze to severe haze. 338
Compared to the non-haze days, SO 4 2− /EC increased 107% during the severe haze period in 339 winter in Northeast China (Figure 7a ), which is effectively equal to the increase of 110% 340 determined by Zheng et al. (2015) in winter in the NCP. NO 3 − /EC only increased 9% (Figure 7a ), 341 13 which is much lower than the 77% increase reported by Zheng et al. (2015) in the NCP. Moreover, 342 OC/EC increased 74% (Figure 7b ), which is higher than the value of ~45% reported by Zhao et al. 343 (2013) We divided the aerosol particles into five types: organic-rich, organic-S, organic-soot, S-fly 360 ash, and S-metal, based on the mixing state, composition, and morphology of individual particles. 361
We found that the relative abundance of organic-related particles exceeded 80% during the haze 362 days, which is higher than the level of 70% recorded during moderate haze episodes in winter in 363 the NCP (Chen et al., 2017). Our study revealed that most of the organic particles were related to 364 the emissions of coal-burning residential stoves in the rural outskirts and small boilers in the urban 365 areas. Moreover, biomass burning may be a second source. 366
To systematically consider the changes of the different aerosols in PM 2.5 and individual 367 particles based on the TEM observations on non-haze and haze days, we proposed the following 368 conceptual model (Figure 9 ) that reflected the haze formation mechanisms in winter in Northeast 369
China. With the advent of stable synoptic conditions (e.g., wind speeds decrease and RH increase), 370 14 the enrichment of POAs from coal burning for household heating and cooking likely caused the 371 early-stage formation of haze (light or moderate haze). Meanwhile, solar radiation was reduced by 372 the haze layer, and photochemical activity was weakened. During the severe haze period, 373 heterogeneous reactions became the major formation pathway of secondary aerosols under high 374 RH. Our results show that the increase in sulfates and organics instead of nitrates promoted the 375 evolution of moderate to severe haze in Northeast China compared to the severe haze formation 376 over the NCP. In summary, the high-intensity emissions from inefficient coal burning for heating 377 and cooking in winter in the rural outskirts and urban areas can cause the regional haze in 378
Northeast China under the right meteorological conditions. 379
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